Due to advancements in power electronics and inverter topologies, the current controlled multilevel voltage-source pulse width modulated (PWM) inverter is usually preferred for accurate control, quick response and high dynamic performance. A multilevel topology approach is found to be best suited for overcoming many problems arising from the use of high power converters. This paper presents a comprehensive review and comparative study of several current control (CC) techniques for multilevel inverters with a special emphasis on various approaches of the hysteresis current controller. Since the hysteresis CC technique poses a problem of variable switching frequency, a ramp-comparator controller and a predictive controller to attain constant switching frequency are described along with its quantitative comparison. Furthermore, various methods have been reviewed to achieve hysteresis current control PWM with constant switching frequency operation. This paper complies various guidelines to choose a particular method suitable for application at a given power level, switching frequency and dynamic response.
I. INTRODUCTION
Current controlled pulse width modulated (PWM) inverters are much more popular because of their good dynamic response. Since most of the applications for voltage-source pulse width modulated (PWM) inverters have a control structure involving an internal current feedback loop, their performance depends on the quality of the applied current control technique. As a result, the current control techniques for PWM voltage source inverters is one of the major area of research in modern power electronics. When compared with conventional open-loop PWM voltage source inverters (VSI),current-controlled PWM inverters have the advantages of extremely good dynamics, overload rejection, peak current protection, control of the instantaneous current waveforms, high accuracy, compensation of effects due to load parameter changes, compensation of the semiconductor voltage drops and dead time of the converters, compensation of the dc-link and ac-side voltage changes, etc. [1] . At present, thorough research is underway on the optimization of modulation techniques for multilevel inverters [2] . The fundamental block diagram of a voltage source inverter with PWM current control is shown in Fig 1. By comparing the load currents with the reference, the current controller generates switching states for the converters, to provide desired load current waveform by reducing the error of a load. Hence, in general, current controllers perform two difference tasks i.e. error compensation and modulation. The modulation process controls the phase switching sequence according to a given command, so that the phase voltage low order harmonics result in an average voltage over modulation period. Modulation also produces an instantaneous deviation of the current from its average value as an effect of voltage harmonics. The deviation amplitude depends on the duration of the modulation period, the supply voltage, the ac side average voltage and the load parameters [3] . With reference to the basic requirements, the accuracy of the current controller is evaluated. Some important requirements of the current controller includes low harmonic contents, good dc link voltage utilization, no phase and amplitude errors, and a limited or constant switching frequency for safe operation of the switching power devices [1] , [2] . The evaluation of the current controller may be done according to the performance criteria which include the static and dynamic performance. For some applications with specific needs like active filters, which require a very fast response or high power inverters, where the commutation must be minimized; the most suitable current control technique must be selected. In the following sections, the proposed current regulation techniques for two-level and multilevel inverters are explained using either linear or non-linear strategies with a variable and constant switching frequency.
II. MULTILEVEL VOLTAGE SOURCE INVERTER
Various multilevel voltage source inverter topologies are proposed and effectively presented in the literature [4] - [7] .Now a days, multilevel inverters are established topologies for use in higher power applications, since they are able to meet the high voltage and high power profiles with better harmonic spectrums at their outputs for a given switching frequency, with significantly reduced switching stresses, and without the need of higher rated power devices [8] . The single phase configuration of fundamental multilevel voltage source inverters i.e. three-level diode-clamped, four-level flying capacitor and five-level cascaded H-bridge topologies with a conventional two-level inverter are shown in Fig. 2 . For a five-level inverter, V AN is given as, V AN = nV dc, where n = 1/2, 1/4, 0, -1/4, and -1/2, since a five-level inverter may select from within the range of voltage steps,V dc /2, V dc /4, 0, -V dc /4 and -V dc /2 for the net dc-link voltage of V dc and corresponding to the higher voltage level inverters. The modulation of multilevel inverters using linear PWM controller strategies, are well reported [9] in the same way as the regulation of conventional two level inverters. Additionally, to generalize the already existing multilevel schemes, some modifications in the control approaches have been suggested.
III. CURRENT CONTROLLERS FOR MULTILEVEL INVERTERS
Several of the switching frequency based current controllers proposed in the literature are briefly reviewed in this section. The different current controlled strategies providing variable and constant switching frequencies for conventional two-level and multilevel voltage source inverters are classified as shown in Fig. 3 .
A. Variable Switching Frequency Control

1)Hysteresis Current Control (HCC) Modulation
Technique: The conventional hysteresis current control technique is very simple to implement. It has inherent peak current limiting capability, is used to determine the switching instants of each of the switching device and achieves a good dynamic response, an unconditional stability, and a wide command tracking bandwidth. The hysteresis controller has been found to be the most effective solution for all of the applications for current controlled voltage source inverters.
The purpose of a current controller is to control the load currents by forcing them to follow the reference currents. The hysteresis band (HB) specifies the maximum current deviation and thus, the inverter switching frequency will vary over a fundamental inverter period [3] , [10] , [11] . HCC is extensively used because of its simplicity. On the other hand, it has the limitations of a variable switching frequency and increased switching losses. In the literature, various approaches have been suggested to achieve a constant switching frequency under hysteresis control.
Based on the bands, two types of hysteresis current controllers have been suggested [12] . These include the fixed-band HCC and the sinusoidal-band HCC. In a sinusoidal band controller, the hysteresis band varies sinusoidally over a fundamental period, while in a fixed-band controller the band size is fixed.
2) HCC Modulation for Two Level Inverters:
Several current control techniques for traditional inverters have been considered [1] , [13] , [14] . The purpose of two-level hysteresis current control is to switch the converter transistors in such a way that the converter load current tracks a reference within a specified hysteresis band.
The size of the hysteresis band is determined by the maximum permissible switching frequency of the switching devices used in the inverter and the highest permitted number of levels of current distortion [9] . A lower HB increases the switching losses and a larger HB results in increased distortion in the controlled current. Hence, the criteria for the selection of a hysteresis band size are crucial. Since only two dc levels are present, the two-level hysteresis control is very simple. However, for multilevel converters, since larger number of output voltage levels are present, it is essential to select a specific voltage-level output to force the control variable to zero on an instantaneous basis once it exceeds a certain bounding limit. Therefore, when a hysteresis controller is used for the modulation of a multilevel inverter it requires additional logic to select an appropriate voltage level to keep the control signal within a specified HB. Fig. 4 shows the simulated results for a conventional 2-level inverter, using basic HCC. It consists of switching dynamics, switching pulse generation and variations in the switching frequency.
3) Multilevel HCC Modulation:
The extension of the two-level hysteresis control algorithm to multi-level inverters [15] , [16] is based on defining a set of(n-1) hysteresis levels, where n is the number of levels. representing the maximum allowable excursion of the actual current from the desired current as the hysteresis level h (n-1) , the remaining (n-1) hysteresis levels are computed as below and given by (1).
Where i = 1,2,3,------, (n-1). Similar to two-level hysteresis control, the general n -level switching state diagram for multilevel inverters is shown in Fig.5 . It can be seen that smaller hysteresis switching cycles with slight current errors are possible. For systems where the current commands are dependent on the machine variables, such as field oriented controller [17] , an additional control loop must be added to correct the error.
A possible technique that can be used to assist the current regulator in selecting the correct voltage level is the use of multiple hysteresis bands defined as multi-offset-band multilevel hysteresis current regulation (MOBMH) [9] , [18] - [22] . For n-level inverters, (n-2) bands are required with each band representing the switching between two adjacent voltage levels. When a current error touches the corresponding bands, the fixed output voltage levels are switched. One major disadvantage of this technique is that the offset placements of the hysteresis bands about zero error introduce a steady state tracking error. As a result, an offset compensation strategy to ensure zero average current error within each switching period is required for improved performance. However, it requires complex analog circuitry.
A modified MOBMH [9] overcomes the above mentioned limitations of the MOBMH. In this technique, the current error needs to be bounded mainly between the two bands. To provide reliable and robust control of the inverter, an additional two offsets of the same width are placed out of bands. Hence, for n-level inverters (n-2) offsets are required in both the positive and negative current error areas. In this scheme the switched voltage at the band crossing point of the current error is not fixed but depends on the previous voltage level which is just before the crossing point. If the current error crosses the positive boundary of a band with a positive slope, the next lower voltage level is switched and vice versa. The modified MOBMH is found to be more advantageous than the MOBMH in such a way that the current follows exactly the reference with a minimum change in the voltage.
The time-based multilevel hysteresis (TBMH) approaches proposed in [9] , [20] , [23] , to control the current errors in three-level inverters, have an advantage since no dc-tracking error is introduced in the average output current. It was proposed that the current error could be controlled in a single band by selecting the output voltage levels one after the other. An outer hysteresis band was introduced optionally to allow for switching to extreme voltage levels for rapid current error detection during transient conditions. However, this logic is true only for three-level inverters and requires further modification for inverters beyond three-level. Therefore, an extra band is introduced, so that the voltage level transition becomes proper. Further, these bands increase as the number of levels increases. The size of the main band is determined by the permitted level of current distortion. The other factors which determine the band size are the load values, the input voltage and the desired switching frequency. It is obvious that this approach does not create any steady state tracking error of the multiple band scheme and also will require a very simple circuitry irrespective of the number of voltage levels. Although this technique, with some improvements, offers good performance, it needs to be further modified for better performance under all loading conditions and for very narrow hysteresis band sizes.
To overcome these drawbacks and to improve the performance of the TBMH scheme an efficient improved time-based approach (ITBMH) has been suggested [9] . This approach requires (n-2) outer bands at the offset from their inner once for an n -level inverter. The current error slope detection based control suggested in [10] was replaced by an algorithm of the detection of only sign of the current error slope. The use of extra bands in the ITBMH indicates that if the current error is within the main band with a certain voltage switched at its boundary, the next voltage level will not be switched until the error touches outer band at the offset from the main band. Hence, it has been observed that the ITBMH replaces the combined monitoring of the vertical movement of the current error and the horizontal movement of the time, by only monitoring the vertical movement of the current error in deciding to switch the next voltage level out of the main band. The detailed performance of the ITBMH scheme is discussed in [23] .
The simulation results for a 3-level NPC inverter, using the slope based current detection technique [10] , which are shown in Fig. 6 , clearly indicate that it also works satisfactorily for multilevel inverters. However, the drawback of variable switching frequency operation is still observed. Further, a comparison of the basic HCC scheme for the 2-level and slope based technique for 3-level NPC inverter, shown in Table I , indicates improved performance for the multilevel VSI.
4)PWM Controller Based On a Real Time Optimization
Algorithm: A reduction in the switching frequency, as required in very high power applications, can be achieved by using the pulse width control with field orientation, by defining a current error boundary with a rectangular shape, and having the rectangle aligned with the rotor flux vector of the machine [2] , [17] , [24] . The selection of the switching state vectors is based on a prediction, satisfying the objective that the switching is minimized. Therefore, in some developed algorithms, a reduced set of voltage vectors consisting of the two active vectors adjacent to the EMF vector and the zero vectors are considered for optimization without a loss in terms of quality [25] , [26] .
Another effective approach proposed in [2] , [27] , [28] is the trajectory tracking control. It uses optimization to compensate for the dynamic tracking error of the converter currents. The control of off-line optimization for the steady-state and on-line optimization for transient operation exploits the advantages of both methods. With tracking control, the dynamic error is minimized and the optimal steady-state trajectory is reached immediately after the transient. The current space vector on the template trajectory constitutes a moving target, the location of which is determined by the actual phase angle of the voltage reference vector and by the fundamental current. In [61] , [62] , to attain accurate trajectory tracking a field oriented control combined with a linear controller is suggested.
The concept of a predictive algorithm based on a space-vector analysis of the hysteresis controllers [29] is the minimum switching frequency predictive current control. In this method, if only one hysteresis controller is used, the location of the error curve is determined by the current command vector. When the current vector reaches a point on the error curve, the different trajectories of the current are depicted, one for each of the possible inverter output voltage vectors. Finally, based on the optimization procedure, the voltage vector which minimizes the mean inverter switching frequency is selected.
The delta modulation method provides several advantages over the commonly used sine modulation process. A simple implementation of delta modulation in single-phase PWM inverters was first reported by [30] - [33] .However, it does not theoretically investigate the modulation technique inverter performance. In this method, the encoded pulses are also locally decoded into analog signals by an integrator in the feedback loop and subtracted from the input signal to form an error signal. The closed loop arrangement of the delta modulator ensures that the polarity of the pulses is adjusted by the sign of the error signal. In the delta modulator, to obtain comparable results it should switch at a frequency about seven times higher than the PWM modulator. Further, a sensorless current mode (SCM) based delta modulator has been proposed [63] which can be used with any converter topology over a broad range of operating conditions.
5) Advanced Control Techniques:
Based on the modulation strategies used for PWM based VSI, the controllers can be classified as linear and non-linear controllers. The linear controllers have clearly separate current error compensation and voltage modulation parts. The linear controllers operate with conventional voltage type PWM. Hence, they exploit the advantages of open-loop controllers like sinusoidal PWM, space-vector PWM and optimal PWM which are constant frequency controllers. These controllers include optimized discrete modulation algorithm, neural network and fuzzy logic based current controllers.
The optimal discrete current regulator algorithm is typically used for resonant DC link converters [34] - [36] . It chooses the nearest available voltage vector to the predicted desired voltage vector. This regulator minimizes the RMS current error. It was further proved that the RMS current error gets reduced to half that of the pulse density modulator.
The neural network (NN) based current controller is a non-linear current controller based on this emerging technology. The main advantage of NN is the parallel processing, learning ability, robustness and generalization [37]- [40] . This control allows for the highest possible inverter switching frequencies. It has been proposed that NNs trained by observing line current errors are less complex and require less computation to train, while NNs trained by observing switched pattern errors are potentially more accurate. NNs can be implemented both with digital and hybrid, analog/digital circuitry. Finally NN based controllers can be used to regulate PWM inverter output current without the need for the on-line calculations required an optimal controller. Recently a NN based adaline algorithm has been proposed [64] which is able to control the voltage and frequency in an integrated manner.
A fuzzy logic (FL) based current controller is based on advanced technology and operates as a replacement for conventional PI controllers [41] , [42] ,where the PI controllers are self-tuned by FL. The FL tuned PI controllers can be easily implemented for off-line operation. By using a FL current controller, the tracking error and transient overshoot of the PWM current control can be reduced to a greater extent. Further, the resulting performance of the controller depends on the design procedure. In [65] type-1 and type-2 FL controllers are suggested using the active-reactive control strategy. This is able to eliminate all of the uncertainties and shows the outstanding compensation abilities of a VSI. Further, FL with hysteresis control has been introduced [66] to improve the dynamic performance.
More recently, a combined NN and FL based technique called an adaptive neural-Fuzzy interface system (ANFIS) has been proposed [67] . The ANFIS has to be trained offline, while the data for the training obtained from measurements is based on the current model.
B. Constant Switching Frequency Control 1) Hysteresis Current Control witha Constant Switching
Frequency: Various suggestions have been given and executed to overcome the problem of the variable switching frequency of hysteresis current controllers [43] - [45] , [48] . These include minimizing the interference between the three phases by modifying the error feedback with a phase locked loop (PLL). It has been observed that these methods suffer from stability problems, transient performance limitations or complexity of implementation. In the case of large transients, the PLL may lose synchronization. However, a fast and accurate response in any case is ensured by the hysteresis control. Some of the novel methods proposed for constant switching frequency hysteresis control to overcome these limitations are: decoupled average constant switching frequency control, optimal voltage space vector based control, variable HB control and user defined constant switching frequency control.
HCC based on the optimum voltage space vectors is suggested as one of the simple method with a constant switching frequency [43] . In this method, the using trial and error method, two appropriate switches are selected based on the optimum voltage vector concept and are used to control two line to line currents independently with a constant switching frequency. In order to get the constant switching frequency, the dead band of hysteresis comparator must be variable taking into account the inverter phase voltage during the rising and falling intervals. The same idea can be further extended to three phases. Similar to the single phase basis, the constant switching frequency control of any two phases is independent [2] .
Another very effective solution was given by [1] , [44] . It was another type of adaptive hysteresis technique. It has a feature where the hysteresis window is automatically adjusted to maintain a constant switching frequency. Only the realized switching frequency differs slightly from the programmed value. It was concluded that this scheme operates satisfactorily at low switching frequencies. It achieves almost perfect regulation. In addition, the ripple frequency content is expanded in a narrow band instead of being concentrated in a single frequency peak. In this method the switching frequency becomes constant regardless the input and output voltage values.
The decoupled average constant switching frequency control approach eliminates the interference and its consequences [45] .
A simple, novel method for a constant switching frequency for variable hysteresis band control for three phase inverters has been discussed [46] - [48] . It uses the open loop and closed loop technique to achieve a constant switching frequency. When the hysteresis band is fixed, the switching frequency varies. On the other hand, a desired constant switching frequency can be achieved successfully by calculating the proper value of the hysteresis band.
Further, a user defined constant switching frequency control has been suggested [49] for three phase three leg and four leg inverters. This scheme allows users to directly set the switching frequency. The proposed method ensures a constant and reduced switching frequency for all the switches of the inverter. This has been achieved by implementing an indirect control on the occurrence and the duration of the uncontrollable states (i.e. zero vector state). In the four leg VSI, three legs of the inverter are operated in hysteresis current tracking mode and the switches of the fourth leg are controlled to operate at a fixed user defined frequency. Its fast response makes this scheme attractive and it overcomes the major drawbacks of the conventional hysteresis controller.
Recently, a space-vector hysteresis current controller [68] has been proposed for 2-level VSI. In this method, the hysteresis boundaries are computed on line by using the stator voltage along the α and β-axes to achieve a constant switching frequency under steady state and transient conditions. This technique exhibits all the benefits of conventional hysteresis. Further, in [69] the same scheme is extended for n-level VSI to control variations in the switching frequency for the full linear modulation range.
Although the hysteresis controlled constant switching frequency schemes are more complex and the simplicity of the basic hysteresis control is lost, these solutions guaranteed a very fast response together with limited tracking errors. Thus, constant switching frequency hysteresis current control iswell suited for high performance, high speed applications.
2) Ramp Comparator Current Controller and Modified Ramp Comparator (MRC):
A conventional ramp comparator is a conventional stationary linear controller, with a constant average switching frequency [3] , [12] . The controller can be thought of as producing asynchronous sine-triangle PWM with the current error as a modulating function. If the current error is greater (less) than the triangular waveform, then the inverter leg is switched in the positive (negative) direction. The ramp controller can be implemented with or without hysteresis. Generally some hysteresis should be added to the controller to prevent multiple crossings of the error signals with the triangular wave. Since this controller uses the fixed frequency of a triangular carrier wave, the switching frequency of the inverter is kept constant, which is the main advantage of the controller. However, it suffers from some limitations like the output current amplitude and phase errors, load disconnection, etc., which are overcome in a modified ramp comparator [3] , where phase shifters are included. In the modified ramp control the current error signals are compared with three 120 0 phase shifted triangular waveforms having the same fixed frequency and amplitude. It was observed that there is no interaction between the operations of the three phases. As a result, the zero voltage vectors will be eliminated for balanced operation. Fig. 7 depicts the performance of the modified ramp [3] with added hysteresis for constant and reduced switching frequency operation. The constant switching frequency PWM techniques viz. variable hysteresis band and modified ramp with hysteresis, for 3-level NPC inverters, are compared in Table II .
3) Predictive Current Controller:
The constant inverter switching frequency predictive controller [50] - [53] calculates the inverter voltage vector, once every sample period. This forces the current to track the current command. The hybrid combination of predictive and hysteresis current control is also proposed in [16] .The predictive control is also known as the deadbeat control, when the choice of the voltage vector is made in order to null the error at the end of the sample period. Further, a predictive current controller with an extended state observer (ESO) has been suggested [70] . The proposed strategy calculates the converter switching time that minimizes the cost function, leading to a constant switching frequency.
4) Other Constant Switching Frequency Linear
Controllers: The other constant frequency controllers are the synchronous vector PI controller and the state feedback controller, where even small phase or amplitude errors cause incorrect system operation. Thus, it requires highly corrected currents. It consists of two current regulators generally defined in the rotating synchronous frame (dqo-axis) providing a constant switching frequency [54] - [56] .
The state feedback is one of the linear current controllers, where the current regulators in the synchronous PI controller are replaced by a state feedback controller, which works in either the stationary [57] or synchronous rotating frames [58] , [59] . The feedback gains can be derived by using the pole assignment approach. Since the control algorithm Time based multilevel hysteresis ( TBMH ) [9] , [15] , [18] , [20] , [23] By Improved TBMH [9] , [19] , [22] , [23] Requires (n-2) outer bands with offsets for n-level inverter gives dynamically correct compensation, the performance of the state feedback controller is superior to conventional PI controllers [60] .To gain optimal capability in state feedback control, various optimization techniques can be apply like particle swarm optimization (PSO), genetic algorithm (GA), biogeography based optimization (BBO), etc. [71] .Considering the stability issue arising in linear time invariant (LTI) systems, [72] investigates a stability analysis for LTI systems which is found to be suitable to preserve the closed loop performance of the system.
IV. DISCUSSION
Flow-diagrams for the hysteresis, ramp and predictive current control schemes for multilevel voltage source inverters are shown in Fig. 8 , while Table III summarizes the methodology/control, limitations, benefits and typical applications of various variable and constant switching frequency current controllers. It is evident from Table III that the performance of the system largely depends on the applied current control strategy. Since the current controlled PWM schemes have many advantages when compared to conventional PWM controllers, they are mostly preferred in many industrial applications. Linear controllers like the stationary PI controller, synchronous vector PI controller, state feedback controller, ramp controller predictive and deadbeat controller always exploit the benefits of open-loop controllers like the sinusoidal PWM, space vector PWM, etc. which are constant switching frequency controllers. Variable switching frequency controllers are non-linear controllers which include basic hysteresis and its modified techniques, delta modulation, optimized controllers, neural network based controllers, fuzzy logic tuned controllers, etc. The most common drawback of these non-linear current controllers is their inability to provide a constant switching frequency and the fact that they are generally very sensitive to load parameter variations. Some methods are not suitable for multilevel inverters with more than three levels. However, with slight modifications, a satisfactory response with a better power quality in the multilevel inverter output voltage can be achieved. An attempt has also been made by combining or modifying the control techniques of two or individuals to improve the response. Furthermore, it has been proposed to developed innovative current control PWM schemes for hybrid multilevel inverters, modular multilevel and some improved multilevel topologies.
In addition to this, in future, hysteresis and its improved versions like MMOBMH and ITBMH, which usually provide a variable switching frequency can be modified by using robust controls for achieving a constant switching frequency. The use of robust controls determines the control law and maintains the system response and error signals within prescribed tolerance despite uncertainty in the system. In addition, in the future self-organizing fuzzy logic control (SOFLC) based optimization strategies can be used to modify the control techniques, which can be further extended to the predictive SOFLC, in order to track the changing dynamics of VSI applications. SOFLC can also be implemented in non-linear control PWMs by incorporating a genetic algorithm to adapt the membership function.
V. CONCLUSIONS
This paper presented a comprehensive review of the different current control PWM techniques used for conventional and multilevel voltage source inverters. The conventional current control modulation, its improved versions and recent techniques have been summarized. It has been seen that higher level VSIs require further modification in the control scheme and control algorithm of implemented technique. Controller classification on the basis of variable and constant switching frequency is shown. The basic principles, latest development and a quantitative comparison of these techniques have been systematically described. The benefits and limitations have been outlined, and the application field, where a particular method is suited has been described. Taking into consideration the problem of a variable switching frequency in case of hysteresis current controllers, which increases the switching losses, the various latest constant switching frequency techniques are discussed and recommended.
